Abstract. Although the intima-media thickness (IMT) of the common carotid artery (CCA) is an established indicator of cardiovascular disease (CVD), its relationship with renal failure disease (RFD) is not yet established. In this study, we use an automated integrated segmentation system based on snakes, for segmenting the CCA, perform measurements of the IMT, and measure the CCA diameter (D). The study was performed on 20 longitudinal-section ultrasound images of healthy individuals and on 22 ultrasound images acquired from 11 RFD patients. A neurovascular expert manually delineated the IMT and the D in all RFD subjects. All images were intensity normalized and despeckled, the IMC and the D, were automatically segmented and measured We found increased IMT and D measurements for the RFD patients when compared to the normal subjects, but we found no statistical significant differences for the mean IMT and mean D measurements between the normal and the RFD patients.
Introduction
Cardiovascular disease (CVD), is the consequence of increased atherosclerosis, and is accepted as the leading cause of morbidity and mortality in patients with end-stage renal failure disease who undergo hemodialysis [1] , [2] . Atherosclerosis, which is a buildup on the artery walls is the main reason leading to CVD and can result to heart attack, and stroke [1] , [2] . Carotid intima-media-thickness (IMT) is a measurement of the thickness of the innermost two layers of the arterial wall and provides the distance between the lumen-intima and the media-adventitia. The IMT can be observed and measured as the double line pattern on both walls of the longitudinal images of the common carotid artery (CCA) [2] (see also Fig. 1 ) and it is well accepted as a validated surrogate marker for atherosclerosis disease and endothelial dependent function [2] . Carotid IMT measurements have also been widely performed in hemodialysis patients with renal failure disease (RFD), and have shown that those patients have increased carotid IMT [3] , impaired endothelium dependent, but unimpaired endothelium independent dilatation [4] , compared to the age-and gender-matched normal controls. Furthermore, the traditional risk factors for increased atherosclerosis in the general population, such as dyslipidemia, diabetes mellitus, and hypertension, are also frequently found in RFD patients, and it was shown that those factors affect their vascular walls [5] , [6] . Noninvasive B-mode ultrasound imaging is used to estimate the IMT of the human CCA [5] . IMT can be measured through segmentation of the intima media complex (IMC), which corresponds to the intima and media layers (see Fig. 1 ) of the arterial CCA wall. There are a number of techniques that have been proposed for the segmentation of the IMC in ultrasound images of the CCA, which are discussed in [7] . In two recent studies performed by our group [8] , [9] , we presented a semi-automatic method for IMC segmentation, based on despeckle filtering and snakes segmentation [10] , [11] . In [9] , we presented an extension of the system proposed in [8] , where also the intima-and media-layers of the CCA could be segmented.
There have been a relatively small number of studies performed, for investigating the effect of increased IMT in the CCA and its relation to the progression of RFD. More specifically, in [12] , carotid and brachial IMT were evaluated in diabetic and non-diabetic RFD patients undergoing hemodialysis. In [13] , a correlation between the IMT and age in RFD patients was found, while in [14] , kidney dysfunction was associated with carotid atherosclerosis in patients with mild or moderate chronic RFD. Increased IMT values in chronic RFD patients were also reported in [15] , while in [16] it was shown that hemodialysis pediatric patients had reduced endothelial function with a development of carotid arteriopathy.
In this study, we use an automated integrated segmentation system based on snakes, for segmenting the CCA, perform measurements of the IMT and measure the CCA diameter (D). Our objective was to estimate differences for the IMT as well as for the D between RFD patients and normal subjects. Our study showed that the IMT and D are larger in ERD patients when compared with normal individuals. The study also showed that, there were no statistical significant differences for the IMT and the D measurements between the normal and the RFD patients. The findings of this study may be helpful in understanding the development of RFD and its correlation with atherosclerosis in hemodialysis patients.
The following section presents the materials and methods used in this study, whereas in section 3, we present our results. Sections 4 and 5 give the discussion, and the concluding remarks respectively.
2
Materials and Methods
Recording of Ultrasound Images
A total of 42 B-mode longitudinal ultrasound images of the CCA which display the vascular wall as a regular pattern (see Fig. 1a ) that correlates with anatomical layers were recorded (task carried out by co-authors T. Lazarou and M. Pantziaris). The 20 images were from healthy individuals at a mean±SD age of 48±10.47 years and the 22 images were acquired from 11 RFD patients (1 woman and 10 men) at a mean±SD age of 55±12.25 years (5 patients had CVD symptoms). The images were acquired by the ATL HDI-5000 ultrasound scanner (Advanced Technology Laboratories, Seattle, USA) [17] with a resolution of 576X768 pixels with 256 gray levels. We use bicubic spline interpolation to resize all images to a standard pixel density of 16.66 pixels/mm (with a resulting pixel width of 0.06 mm). For the recordings, a linear probe (L74) at a recording frequency of 7MHz was used. Assuming a sound velocity propagation of 1550 m/s and 1 cycle per pulse, we thus have an effective spatial pulse width of 0.22 mm with an axial system resolution of 0.11 mm [17] . A written informed consent from each subject was obtained according to the instructions of the local ethics committee.
Ultrasound Image Normalization
Brightness adjustments of ultrasound images were carried out in this study based on the method introduced in [18] , which improves image compatibility by reducing the variability introduced by different gain settings, different operators, different equipment, and facilitates ultrasound tissue comparability. Algebraic (linear) scaling of the images were manually performed by linearly adjusting the image so that the median gray level value of the blood was 0-5, and the median gray level of the adventitia (artery wall) was 180-190 [18] . The scale of the gray level of the images ranged from 0-255. Thus the brightness of all pixels in the image was readjusted according to the linear scale defined by selecting the two reference regions. Further details of the proposed normalization method can be found in [8] - [11] .
Manual Measurements
A neurovascular expert (task carried out by co-author M. Pantziaris) delineated manually (in a blinded manner, both with respect to identifying the subject and delineating the image by using the mouse) the IMC and the D [8] , on all longitudinal ultrasound images of the CCA after image normalization (see subsection 2.2) and speckle reduction filtering (see subsection 2.4). The IMC was measured by selecting 20 to 40 consecutive points for the intima and the adventitia layers, while by selecting 30 to 60 consecutive points for the near and far wall of the CCA respectively. The manual delineations were performed using a system implemented in Matlab (Math Works, Natick, MA) from our group. The measurements were performed between 1 and 2 cm proximal to the bifurcation of the CCA on the far wall [18] over a distance of 1.5 cm starting at a point 0.5 cm and ending at a point 2.0 cm proximal to the carotid bifurcation. The bifurcation of the CCA was used as a guide, and all measurements were made from that region. The IMT and the D were then calculated as the average of all the measurements. The measuring points and delineations were saved for comparison with the snake's segmentation method.
Speckle Reduction Filtering (DsFlsmv)
In this study the linear scaling filter (despeckle filter linear scaling mean varianceDsFlsmv) [19] , utilizing the mean and the variance of a pixel neighborhood was used to filter the CCA ultrasound images from multiplicative noise prior the IMC and D segmentation. The filter may be described by a weighted average calculation using sub region statistics to estimate statistical measurements over 5x5 pixel windows applied for two iterations [10] , [11] . Further implementation details of the DsFlsmv despeckle filter may be found in [10] .
Automatic IMC and D Snakes Segmentation
The IMC and the D were automatically segmented after normalization and despeckle filtering (see section 2.2 and section 2.4), using an automated segmentation system proposed and evaluated in [8] and [9] based on a Matlab ® software developed by our group. We present in Fig. 1b the automated results of the final snake contours after snakes deformation for the IMT at the far wall and the D, which were automatically segmented by the proposed segmentation system. An IMT and D initialization procedure was carried out for positioning the initial snake contour as close as possible to the area of interest, which is described in [8] - [10] .
The Williams & Shah snake segmentation method [20] was used to deform the snake and segment the IMC and D borders. The method was proposed and evaluated in [8] and [9] for the IMC segmentation, in 100 ultrasound images of the CCA and more details about the model can be found there. For the Williams & Shah snake, the strength, tension and stiffness parameters were equal to α 0.6, β 0.4, and γ 2 respectively. The extracted final snake contours (see Fig. 1b ), corresponds to the adventitia and intima borders of the IMC and the D at the near wall. The distance is computed between the two boundaries (at the far wall), at all points along the arterial wall segment of interest moving perpendicularly between pixel pairs, and then averaged to obtain the mean IMT (IMT mean ). The near wall of the lumen was also 
Statistical Analysis
The Wilcoxon rank sum test was used in order to identify if for each set of normal and RFD patients measurements as well as for the manual and automated segmentation measurements, a significant difference (S) or not (NS) exists between the extracted IMC and D measurements, with a confidence level of 95%. For significant differences, we require p<0.05. Furthermore, box plots for the different measurements, were plotted. Bland-Altman plots [21] , with 95% confidence intervals, were also used to further evaluate the IMT measurement agreement between the normal subjects and RFD patients. Also, the correlation coefficient, ρ, between the normal and RFD IMT and D measurements, which reflects the extent of a linear relationship between two data sets.
Results
We have evaluated 20 ultrasound images of the CCA from healthy subjects at a mean±SD age of 48±10.47 years and 22 ultrasound images acquired from 11 RFD patients (1 woman and 10 men) at a mean±SD age of 55±12.25 years, out of which 5 had CVD symptoms. Figure 1 illustrates the manual (see Fig.1a ) and the automated (see Fig. 1b ) IMC and D segmentation measurements performed on a normalized despeckled ultrasound image of the CCA of an RFD patient at the age of 54. Table 1 presents the IMC and D, segmentation measurements for the mean, maximum, minimum, and median IMT and D values on all normalized despeckled images of the CCA investigated in this study. These were performed on all images acquired from normal subjects (IMTn, Dn), as well as on all images acquired from the Figure 2a ) presents box plots for the manual (IMTm_m) and the automated (IMT_m) mean IMT segmentation measurements for the RFD patients as well as for the automated IMT measurements (IMTn_m) from normal subjects. In Fig. 2b) we present box plots for the the CCA diameter measurements for the manual RFD patients (Dm), for the automated RFD patients (D), and for the manual segmentations (Dn) on the normal subjects. The IMT difference between the RFD automated and the normal subjects was (0.16±0.032) mm (see also Fig. 3) . The difference between the manual and the automated IMT measurements for the RFD patients was (0.02±0.01) mm. Figure 3 illustrates a Bland-Altman plot between the automated mean IMT for all RFD patients (IMT_m) and the normal mean IMT (IMTn_m) segmentation measurements of the CCA for all subjects. As it is shown from Fig. 3 , the difference of the two measurement methods was (0.16+0.45) mm and (0.16-0.13) mm.
Discussion
The results of this study showed that the IMT and D in the CCA of ERD patients are larger when compared with the values found for the normal subjects. The study also showed that, there are no statistical significant differences for the IMT and D measurements between the normal subjects and the RFD patients. We also found no statistical significant differences between the manual and the automated segmentation measurements for the IMC and the D. A difference was found between the automated segmented IMT mean (IMT_m) measurements of the RFD patients and the automated segmented mean IMT measurements of the normal subjects (IMTn_m) (see also Fig.  2a and Table 1 ). Although the aforementioned difference was estimated, we found no statistical significant differences for both the IMT and the carotid diameter, D, between those two measurements, as it was shown with the Wilcoxon rank sum test performed in this study. From Table 1 , it is also obvious that the mean IMT and D for the normal subjects, exhibit both lower values when compared to the values of the RFD patients group. This is also the case for all other measurements of the IMT (mean, maximum, minimum, and median). Our findings show that kidney dysfunction may probably thus be associated with increased carotid IMT and carotid diameter, D.
The subjects investigated in this study included a high proportion of patients with some atherosclerotic risk factors, indicating that kidney dysfunction is an atherosclerotic risk factor, especially in patients at high risk for CVD disease. Atherosclerosis is the most common cause of RFD disease, resulting in hypertension and ischemic nephropathy [2] , [5] . A regular follow up was suggested in [5] , for selected patients with atherosclerotic renal artery stenosis before they develop severe hypertension or renal insufficiency. Randomized clinical trials will also be necessary to define the role of early renal revascularization in the management of these patients.
In a large study [22] , where 1351 male individuals were investigated in order to estimate whether chronic RFD was associated with carotid IMT thickening, it was shown that chronic RFD may be associated with early carotid atherosclerosis in lowrisk individuals, such as those undergoing general health screening, who have hypertension and/or impaired glucose metabolism.
In [12] the authors evaluated CCA IMT and brachial arteries, flow-mediated dilatation (FMD), and nitroglycerin-mediated dilatation (NMD) in diabetic and nondiabetic hemodialysis patients. In all patients a positive correlation was found with carotid and brachial IMT, and a negative one with FMD and NMD. With respect to hypertension as well as diabetes, a negative correlation was found with FMD and NMD. It was shown that age is the most important factor that significantly affected all studied markers of atherosclerosis in hemodialysis patients. According to their results, intensive antihypertensive treatment is recommended in hypertensive chronic hemodialysis patients. The authors in [13] found a correlation between IMT and age in RFD patients and that IMT values were correlated with total cholesterol. It was furthermore reported in [14] , that kidney dysfunction was associated with increased carotid IMT independent of the classical atherosclerotic risk factors but they found no association between kidney dysfunction and calcified plaque. Carotid IMT may be a predictive marker of CVD disease that reflects early kidney dysfunction, especially in high-risk patients.
In another study [23] , the relation between carotid IMT and hemodialysis patients in chronic RFD was investigated, where 78 RFD patients were examined. A significant positive correlation was found between IMT and hemodialysis (p=0.045) independent of traditional risk factors. It was also shown that hemodialysis patients had significantly higher mean IMT (1.136±0.021 mm) compared to that of normal (0.959±0.023 mm) patients. Similar findings were also reported in this study.
There are also some limitations for the present study which arises mostly from the small number of subjects included and that the duration of diabetes and RFD were not included. The material used in this study was acquired from RFD patients undergoing hemodialysis, where the 5 patients with CVD disorders were not studied separately. Additionally, the study should be further applied on a larger sample, a task which is currently undertaken by our group. Additional variables, such as age, sex, weight, blood pressure and others should be taken into account for better evaluating the RFD in hemodialysis patients.
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Concluding Remarks
This paper presents a study on the carotid IMT and D measurements of the CCA in RFD patients undergoing haemodialysis. It was shown that the degree of atherosclerosis is greater in RFD patients when compared to that of normal subjects. We anticipate that the above comparison may have some clinical value in retrospectively screening of the dysfunction of the CCA through time. It would be furthermore interesting in the future to study the atherosclerotic carotid plaque changes in the aforementioned group of subjects and estimate whether and how kidney dysfunction is associated with the build-up of carotid plaques. It may also be possible to identify and differentiate those individuals into high and low risk groups according to their CVD risk before the development of plaques. The use of texture features will also be utilised in order to provide new feature sets, which can be used successfully for the classification of the IMC structures in normal and abnormal subjects. Future work will incorporate a new texture image retrieval system that uses texture features extracted from the IMC, to retrieve images that could be associated with the same level of the risk for developing RFD. Further research is required for estimating IMT and diameter differences between normal and RFD individuals in the CCA as well as their correlation with texture features extracted from these areas, and the progression of RFD.
